Background: Updated World Health Organization guidelines have amplified debate about how resource constraints should impact monitoring strategies for HIV-infected persons on combination antiretroviral therapy (cART). We estimated the incremental benefit and cost effectiveness of alternative monitoring strategies for east Africans with known HIV infection. Methods: Using a validated HIV computer simulation based on resource-limited data (USAID and AMPATH) and circumstances (east Africa), we compared alternative monitoring strategies for HIV-infected persons newly started on cART. We evaluated clinical, immunologic and virologic monitoring strategies, including combinations and conditional logic (e.g., only perform virologic testing if immunologic testing is positive). We calculated incremental cost-effectiveness ratios (ICER) in units of cost per quality-adjusted life year (QALY), using a societal perspective and a lifetime horizon. Costs were measured in 2008 US dollars, and costs and benefits were discounted at 3%. We compared the ICER of monitoring strategies with those of other resource-constrained decisions, in particular earlier cART initiation (at CD4 counts of 350 cells/mm 3 rather than 200 cells/mm 3 ).
Background
Considerable debate exists about how resource constraints should impact laboratory monitoring for HIV-infected patients on combination antiretroviral therapy (cART) [1] [2] [3] [4] [5] [6] . This lack of consensus is reflected in the equivocal language about laboratory monitoring in 2010 recommendations by the World Health Organization (WHO) [7] .
WHO recommends using viral load testing every six months to detect viral replication, but only "conditionally" and "where routinely available". While WHO "strongly" recommends use of viral load "to confirm treatment failure", this recommendation is also followed by the conditional statement, "where routinely available" [7] . While this equivocal language of these recommendations may be interpreted as a pragmatic concession to resource constraints, it is important to note that no equivalent language was used in WHO recommendations for earlier cART initiation, even though this guideline is equally, if not more, impacted by resource constraints. For these reasons, the 2010 WHO recommendations are likely to amplify debate on the importance of routine viral load testing compared with other resource-constrained decisions. Published data are insufficient to guide this decision [1] [2] [3] [4] [5] [6] 8, 9] .
Published decision models have broadly suggested that laboratory monitoring delivers less favourable value than alternative resource allocations [5, 10, 11] . However, these models have important limitations of their own: (1) failure to consider a wide range of monitoring strategies, such as conditionally dependent strategies (e.g., only check a viral load if CD4 result meets predefined criteria); (2) failure to consider widely varying scenarios regarding number of cART regimens and their sequencing (e.g., monitoring would be expected to confer greater benefit when more regimens are available, because the information is more useful); (3) failure to compare results with other resource-constrained decisions (e.g., earlier cART initiation), asking if more lives could be saved by alternative resource expenditures; and (4) failure to use data from resource-limited settings, thus limiting their generalizability.
We have previously developed and validated a computer simulation model of HIV progression in resource-rich settings [12] [13] [14] [15] . Our model explicitly represents the two main reasons for cART failure, genotypic resistance accumulation and non-adherence, and therefore is equipped to explore important tradeoffs involved in more versus less aggressive monitoring strategies. For example, a more aggressive monitoring strategy may result in treatment changes that support greater virologic suppression in the short term, but may exhaust available regimens in the long term. For the current report, we have redesigned and recalibrated this model for resource-limited settings. Its design now permits consideration of widely varying monitoring strategies, including conditional strategies, under different scenarios regarding numbers and sequences of cART regimens.
Methods
We used a computer model to simulate alternative laboratory monitoring strategies for HIV-infected patients on cART in east Africa, and to compare the value of these strategies with alternative resource allocation options, such as earlier cART initiation. This model has been previously validated by demonstrating its ability to predict clinical data describing survival, time until cART failure, and accumulation of resistance mutations in distinct observational cohorts [12] [13] [14] [15] .
This simulation has been revised: (1) to allow specification of a wide variety of possible monitoring strategies; (2) to allow calibration using data from resource-limited settings; and (3) to consider a specifiable number of cART regimens or a specifiable number of drugs within each cART category (and can "run out" of regimens when intolerance and/or resistance has developed to all). The simulation is a stochastic, second-order Monte Carlo progression model that explicitly represents the two main determinates of treatment failure: accumulation of genotypic resistance and cART non-adherence and/or intolerance ( Figure 1) . A key advantage of this design is that it can compare tradeoffs in aggressiveness of treatment versus intensiveness of monitoring. The methods underlying the revision of this simulation and its calibration are described in more detail in the Appendix (Additional file 1), and the results of the calibration are described in Additional file 1, Figure S1 .
Analytic approach: comparison with simultaneous resource-constrained decisions
We sought to identify "efficient frontiers", defined as those strategies delivering the greatest health benefit given a plausible budget scenario [16, 17] . Strategies within an efficient frontier confer the greatest benefit for a specified budget. Strategies outside this frontier are unable to deliver the greatest benefit regardless of budget, and therefore are not preferred choices regardless of available resources.
We identified efficient frontiers by calculating the incremental cost-effectiveness ratio (ICER) of each monitoring strategy. ICERs measure the additive benefit of each strategy compared with its next best alternative, and interpret this benefit together with its additive cost. The ICER compares different choices in a systematic, quantitative manner, placing them "on a level playing field", and providing a widely used quantitative measure of value. Higher ICERs (meaning a greater cost per additional benefit) are less favourable, corresponding to lower value. Lower ICERs (meaning a lower cost per additional benefit) are more favourable, corresponding to higher value. ICERs are useful for informing resource allocation decisions because reallocating resources from a numerically higher (less favourable) ICER towards a numerically lower (more favourable) ICER can increase health benefits without requiring additional resources. We performed all analyses from a societal perspective using a lifetime time horizon. All costs and benefits were measured in US dollar (USD) values for 2008 and were discounted at an annual rate of 3%. In all cases, we followed recommendations of the US Panel on Cost-Effectiveness in Health [18] . We simulated cohorts of 1,000,000, with a one-day cycle time (the minimum time interval over which patient characteristics could change).
Considerable debate exists over acceptable value "thresholds" and their appropriate variation with resource constraints [19] . To aid interpretation of our ICER results for different monitoring strategies, we used our simulation to estimate ICER results for other common, resource-constrained decisions (e.g., initiation of cART at CD4 counts of 350 cells/mm 3 versus 200 cells/mm 3 , and whether to make second-and third-line cART regimens routinely available).
Base case analyses
We compared the downstream effects of alternative monitoring strategies on HIV-positive patients newly started on cART. In accord with the USAID-AMPATH experience, we assumed that the first cART regimen was nevirapine in combination with two nucleoside reverse transcriptase inhibitors. Distributions of age, sex and CD4 count at cART initiation were based on characteristics of patients enrolled in USAID-AMPATH (Table 1) . We did not perform distinct analyses for women who were exposed to single-agent prophylaxis for mother to child transmission; however, the impact of nevirapine resistance was explored in a sensitivity analysis.
We evaluated a matrix of different monitoring strategies: type of monitoring (clinical versus CD4 versus virologic versus combinations and conditional strategies); viral load threshold for switching (500, 1000, 5000, and 10,000 copies/ml); and frequency of monitoring (three, six and 12 months). Clinical monitoring was defined as evaluation by a health professional for signs and symptoms of AIDS [20] . We deliberately constructed a broad matrix of options that included some strategies that are not guideline recommended at the current time, but which might seem like plausible alternatives (for example, obtaining routine viral load without routine CD4 counts).
Because space limitations preclude the presentation of the numerous strategies that we evaluated, we focus on results from the subset of strategies on the efficient frontier. We first identified efficient frontiers for scenarios with two and three available cART regimens. We then identified the efficient frontier for a scenario that does not specify a fixed number of cART regimens, but rather allows the number of available cART regimens to vary.
We estimated outcomes of life years, quality-adjusted life years (QALY), and costs (USD). QALYs are a preference-weighted metric that incorporate both quantity and quality of life, and reflect the idea that a year of poorquality life is valued less than a year of high-quality life [18] . 
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Non-adherence risk factors Figure 1 Schematic of constructs in computer simulation. Probability of cross-resistance to other NRTI, given NRTI mutation conferring resistance (ziduvidine or stavudine)
1.0 Varied jointly from 0.5X to 1.5X, bounded by 0 and 1
Probability of cross-resistance to other NRTI, given NRTI mutation conferring resistance (other) 0.48 Varied jointly from 0.5X to 1.5X, bounded by 0 and 1
Probability of cross resistance to other PI, given PI mutation causing resistance 0.24 Varied jointly from 0.5X to 1.5X, bounded by 0 and 1
Probability of cross resistance to other NNRTI, given NNRTI mutation causing resistance 0.88 Varied jointly from 0.5X to 1.5X, bounded by 0 and 1
Rate of accumulating resistance mutations, per year 0.18 0.014-0.018 Braithwaite et al [14] Viral load decrement with cART consisting of 2 NRTIs + efavirenz (100% adherence)
3.09
Varied jointly from -1 to +1 Braithwaite et al [22] Viral load decrement with cART consisting of 2 NRTIs + nevirapine (100% adherence)
2.22
Varied jointly from -1 to +1 Braithwaite et al [22] Viral load decrement with cART consisting of boosted PI (100% adherence)
2.68
Varied jointly from -1 to +1 Braithwaite et al [22] Augmentation in HIV-related mortality, multiplicative 
Sensitivity analyses
Because some strategies may be sufficiently close to an efficient frontier that their exclusion is solely due to statistical uncertainty (from random variation in the model), we performed sensitivity analyses in which the cost and effectiveness estimates for each strategy were varied over their 95% interpercentile range. In separate sensitivity analyses, to assess the impact of biased inputs, we varied all inputs to the model across their plausible ranges, seeking to identify whether changes in model input assumptions would lead to different strategies on the efficient frontier.
Results
We evaluated alternative monitoring strategies: first for a treatment scenario with two available cART regimens, and then a treatment scenario with three available cART regimens. In addition, we considered a scenario that does not specify a fixed number of cART regimens, but rather allows their number to vary. For all scenarios, we assumed that cART would be started at a CD4 count of 200 cells/mm 3 , and we sought to identify strategies on the "efficient frontier" (e.g., those that could deliver the greatest health benefit given some budget or resource constraint). Monitoring strategies lying outside this "efficient frontier" cannot deliver the greatest benefit regardless of willingness to pay, and therefore should not be preferred choices.
Scenario with two available cART regimens
When we explored a scenario in which two cART regimens were available (Table 2, Figure 2 ), no laboratory monitoring strategies employing routine CD4 monitoring alone (e.g., CD4 count every six months) were on the efficient frontier. Overall, these strategies did not offer a good use of healthcare resources, because greater benefit would be conferred by alternative strategies, regardless of a programme's budget or willingness to pay for health benefits.
When willingness to pay remained limited to initiating cART at a CD4 count of 200 cells/mm 3 rather than 350 cells/mm 3 , the efficient frontier was mostly comprised . "Better" value is indicated by a numerically lower ICER, and suggests that health benefits would be increased if resources were allocated away from earlier treatment initiation towards this monitoring strategy. "Worse" value is indicated by a numerically higher ICER, and suggests that health benefits would be increased if resources were allocated towards earlier ARV initiation away from this monitoring strategy.
† WHO (World Health Organization) criteria for changing ARV regimen based on CD4 count ‡ Four strategies had ICERs that were not on the frontier but were sufficiently close to the frontier so that they were difficult to distinguish statistically. Three employed the conditional strategy "viral load only if CD4 meets WHO criteria" for: (1) frequency of 6 months and ARV switching threshold of 10,000 copies/mL [ICER > = $2200/QALY]; (2) frequency of 6 months and ARV switching threshold of 500 copies/mL [ICER > = $4900/QALY]; and (3) frequency of 3 months and ARV switching threshold of 10,000 copies/mL [ICER > = $6100/QALY. The fourth strategy was a CD4 alone strategy at a frequency of 12 months [ICER > = $5200/ QALY). ¶ One strategy had an ICER that was not on the frontier but was sufficiently close to the frontier so that it was difficult to distinguish statistically: a CD4 alone strategy with a frequency of 6 months [ICER > = $6,500/QALY]. Results are only shown for strategies that maximized health benefits for some budget scenarios or willingness to pay for health benefits.
of monitoring strategies that were structured conditionally, in which CD4 was obtained routinely and a followup viral load was only obtained if the CD4 count met WHO criteria for immunologic failure. Conservative monitoring frequencies (12 or six months rather than three months) and switching thresholds (10,000 copies/ mL rather than 500 copies/mL) were preferred. In sensitivity analyses, only one strategy employing routine CD4 monitoring alone (every 12 months) was close to the efficient frontier. Braithwaite
conditionally; however, these strategies now employed less conservative monitoring frequencies and switching thresholds. Only one strategy employing routine CD4 monitoring alone (every six months) was close to the efficient frontier. As willingness to pay greatly exceeded the value of earlier cART initiation, the efficient frontier became comprised of monitoring strategies that used routine viral load monitoring, with progressively greater frequencies and less conservative switching thresholds.
Scenario with three available cART regimens
When we explored a scenario in which three cART regimens were available (Table 3, Figure 3 ), strategies with routine CD4 monitoring alone continued to be excluded from the efficient frontier, and therefore never offered a good use of healthcare resources. As willingness to pay approached the value of cART initiation at a CD4 count of 350 cells/mm 3 rather than 200 cells/mm 3 (ICER $2600/QALY), the efficient frontier was comprised of monitoring strategies that were structured conditionally, where CD4 was obtained routinely and a follow-up viral load was only obtained if the CD4 count met WHO immunologic criteria. As willingness to pay greatly exceeded the value of earlier cART initiation, the efficient frontier was comprised of monitoring strategies that used routine viral load monitoring. In sensitivity analyses, no strategy employing routine CD4 monitoring alone was close to the efficient frontier.
Scenario with variable number of cART regimens
When we considered a scenario that does not specify a fixed number of cART regimens, but rather allows the number of available cART regimens to vary (Table 4 , Figure 4 ), strategies for routine CD4 monitoring alone continued to be excluded from the efficient frontier. At willingness-to-pay levels below that of earlier cART initiation, the efficient frontier was limited to a sole strategy (one cART regimen and using clinical rather than laboratory monitoring). As willingness-to-pay levels rose above that of early cART initiation, the greatest . "Better" value is indicated by a numerically lower ICER, and suggests that health benefits would be increased if resources were allocated away from earlier treatment initiation towards this monitoring strategy. "Worse" value is indicated by a numerically higher ICER, and suggests that health benefits would be increased if resources were allocated towards earlier ARV initiation away from this monitoring strategy.
† WHO (World Health Organization) criteria for changing ARV regimen based on CD4 count ‡ Four strategies had ICERs that were not on the frontier but were sufficiently close to the frontier so that they were difficult to distinguish statistically, all employing the conditional strategy, "viral load only if CD4 meets WHO criteria", for: (1) frequency of 12 months and ARV switching threshold of 500 copies/mL [ICER > = $3600/QALY]; (2) frequency of 6 months and ARV switching threshold of 500 copies/mL [ICER > = $5600/QALY]; (3) frequency of 3 months and ARV switching threshold of 10,000 copies/mL [ICER > = $5100/QALY; (4) frequency of 3 months and ARV switching threshold of 500 copies/mL [ICER > = $5100/ QALY]. ¶ One strategy had an ICER that was not on the frontier but was sufficiently close to the frontier so that it was difficult to distinguish statistically: viral load alone with a frequency of 6 months and switching threshold of 10,000 copies/mL [ICER > = $11,200/QALY]. Results are only shown for strategies that maximized health benefits for some budget scenarios or willingness to pay for health benefits.
benefit was delivered by incorporating multiple regimens with routine viral load monitoring. In sensitivity analyses, only two strategies employing routine CD4 monitoring alone were close to the efficient frontier. Conditional strategies were no longer on the efficient frontier because the ICER of routinely offering multiple cART regimens (compared with providing one cART regimen only) was fairly high (ICER > $5000/QALY), and because the ICER of any laboratory testing strategy would only be favourable if multiple cART regimens were routinely offered. As willingness to pay exceeded the ICER of offering multiple cART regimens, they were also high enough to support the ICER of routine use of viral load testing. 
Sensitivity analyses
Sensitivity analyses suggested that efficient frontiers were robust to alternative assumptions (Additional file 1, Figure S2 ), with monitoring strategies based on CD4 counts alone almost never falling on the efficient frontier. A notable exception to this stability occurred when assumptions were varied regarding the pricing of secondand third-line cART regimens relative to first-line cART. When later cART regimens were assumed to be no more expensive than first-line cART regimens, the value of monitoring strategies that involved routine viral load testing became more favourable.
Discussion
Our results have several implications for monitoring of HIV-infected patients in resource-limited settings. First, routine CD4 monitoring alone is unlikely to be a preferred strategy, regardless of available resources, willingness to pay or availability of treatment options. This is likely attributable to the poor sensitivity and specificity of CD4 testing for detecting treatment failure and viral rebound [19] . Because routine CD4 monitoring alone (e.g., without viral load to confirm treatment failure) is never preferred, our results suggest that the WHO recommendation to use viral load to confirm treatment failure should not be diluted with the phrase, "where resources are available", and instead should employ the same strength of language that it applies to earlier cART initiation. Indeed, employing CD4 counts together with conditional viral load testing is a preferred strategy under a wide range of willingness-to-pay and treatment availability scenarios.
Second, routine viral load testing alone is only a preferred strategy at levels of willingness to pay that far . "Better" value is indicated by a numerically lower ICER, and suggests that health benefits would be increased if resources were allocated away from earlier treatment initiation towards this monitoring strategy. "Worse" value is indicated by a numerically higher ICER, and suggests that health benefits would be increased if resources were allocated towards earlier ARV initiation away from this monitoring strategy.
† WHO (World Health Organization) criteria for changing ARV regimen based on CD4 count ‡ Three strategies had ICERs that were not on the frontier but were sufficiently close to the frontier so that they were difficult to distinguish statistically, all allowing 2 ARV regimens. Two employed the conditional strategy, "viral load only if CD4 meets WHO criteria", for: (1) frequency of 6 months and ARV switching threshold of 10,000 copies/mL [ICER > = $2200/QALY]; (2) frequency of 6 months and ARV switching threshold of 500 copies/mL [ICER > = $4900/QALY]. The third employed a CD4 alone strategy with a frequency of 12 months [ICER > = $5200/QALY]. ¶ Two strategies had an ICER that was not on the frontier but was sufficiently close to the frontier so that it was difficult to distinguish statistically, both allowing 2 ARV regimens. One employed the strategy, "viral load only if CD4 meets WHO criteria", with frequency of 3 months and ARV switching threshold of 10,000 copies/mL [ICER > = $6100/QALY] and the other was a CD4 alone strategy with a frequency of 6 months [ICER > = $6400/QALY], § Two strategies had an ICER that was not on the frontier but was sufficiently close to the frontier so that it was difficult to distinguish statistically, both employing viral loads alone with 6 month frequency, the first using an ARV switching threshold of 500 copies/mL and allowing 2 ARV regimens [ICER > = $13,900/QALY] and the second using an ARV switching threshold of 10,000 copies/mL and allowing 3 ARV regimens [ICER > = $14,900/QALY]. Results are only shown for strategies that maximized health benefits for some budget scenarios or willingness to pay for health benefits.
exceed those of earlier cART initiation. In other words, our results suggest that a programme routinely monitoring viral loads, but starting cART at a CD4 of 200 cells/mm 3 rather than 350 cells/mm 3 , will save more high-quality years of life if it reallocates some laboratory expenditures towards drugs allowing for earlier initiation of cART ( Figure 5 ). These results suggest that the WHO conditional recommendation to use viral load testing every six months to check for viral replication "where routinely available" should be interpreted, more concretely, as meaning "in those settings where all patients are already started on cART at a CD4 count of 350 cells/mm 3 (rather than 200 cells/mm 3 )". Third, when monitoring includes viral load in resourcelimited settings, the switching threshold conferring the greatest value is more likely to be 10,000 copies/mL than lower thresholds, and raises the question of whether the recent change in threshold advocated by WHO (5000 copies/mL rather than 10,000 copies/mL) is a step in the right direction, especially when the downstream cost burdens of switching first-line regimens to far more expensive, second-line regimens might make it more difficult to simultaneously adhere to other costly changes in its recommendations. Fourth, if programmes are considering alternative monitoring strategies at the same time that they are weighing how many cART regimen options to offer, our results suggest that they can save more high-quality years of life by routinely offering fewer regimens with less intense monitoring strategies, and by reallocating saved resources on earlier initiation of cART.
Fifth, the bulk of expenditures from routine viral load testing did not arise from the cost of the viral load test itself, but rather originated from the downstream costs of more frequent switches to expensive second-and third-line regimens. When later cART regimens were assumed to be no more expensive than first-line cART regimens, monitoring strategies that involved routine viral load testing became more favourable. These results suggest that even if viral load tests become cheaper, they may not offer favourable value if there is no change in the relative pricing of different regimens. In contrast, if later cART regimens become less expensive relative to first-line regimens, viral load tests may offer favourable value even if the tests themselves remain expensive.
Our estimates for the ICER of cART ($600/QALY) were very similar to other published analyses ($590 per life year, Goldie; $628/QALY, Bishai) [10, 11] . Like other analyses, the incremental cost effectiveness of routine CD4 testing was unfavourable compared with some alternative resource uses [5] . Our estimates for the ICER of viral load testing are difficult to compare with other published analyses because we considered conditional strategies, in which viral load is not ordered routinely. Still, our results are concordant with other analyses suggesting that lives would be saved by allocating resources away from routine viral load testing and towards other resource-constrained care strategies (e.g., earlier initiation of cART) [5] .
Our analyses have notable limitations. Our simulation is not a transmission model, and therefore does not consider how more conservative monitoring strategies might lead to: (1) delayed detection of antiretroviral resistance and its spread; and (2) higher viral loads in treated patients, which have been associated with increased transmission rates. However, this consideration is unlikely to alter inferences for decision making because the increase in resistance accumulation is likely to be modest (less than one resistance mutation over a five-year period) (Tables 2, 3, 4) .
Furthermore, allocating funds towards earlier treatment initiation would have a far more profound effect on viral load (and subsequently on HIV transmission risk) because people who are treated earlier will have low viral loads for a longer portion of the time they are infected. In addition, while the simulation is sufficiently detailed to represent clinical differences among subtypes of nucleoside reverse transcriptase inhibitors (e.g., inducing non-thymidine-analogue mutations versus inducing thymidine anologue mutations), it is not sufficiently The right pair of bars shows a strategy that relies on routine viral load monitoring, whereas the left set of bars shows a strategy that relies more on clinical monitoring, and reallocates the money saved on less laboratory monitoring to fund earlier initiation of ARV. Even though both strategies incur the same lifetime expenditures, the strategy that employs less laboratory monitoring to enable earlier ARV initiation increases life expectancy by 1.5 quality-adjusted life years.
detailed to represent clinical differences among individual drugs within each subtype (e.g., zidovudine versus stavudine).
A distinctive strength of our work is that we evaluated a broad matrix of monitoring options, including some strategies that are not guideline recommended at the current time, but which might seem like plausible alternatives to some decision makers (for example, obtaining routine viral load without routine CD4 counts). Indeed, the ability to simultaneously evaluate a broad range of monitoring options beyond those currently employed is one of the key methodological strengths of using mathematical modelling in general, and of the current report in particular.
Conclusions
In conclusion, our computer simulation suggests that shifting resources away from routine laboratory monitoring and toward earlier initiation of cART has the potential to increase the number of lives saved with HIV treatment in a resource-constrained environment.
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